. With (1) at the time of this research.
Introduction
Channel models are of paramount importance in the design of optimum detection strategies and in the determination of capacity limits. In optical fiber communications, channel modeling and capacity evaluation are still open problems 1 , and a few different approximated channel models coexist [2] [3] [4] [5] [6] (and references therein), often with a conflicting view about the nature of nonlinear effects. A quite common trend is that of representing complicated effects, such as fiber nonlinearity, as an additional source of additive white Gaussian noise (AWGN) 2, 6 . This approach, besides simplifying the analysis, usually provides a satisfactory accuracy when used to predict the performance of conventional systems. The main reason of this accuracy becomes apparent when replacing the ambiguous concept of "conventional" with the more explicit one of "designed for the AWGN channel". However, extending this approach to capacity analysis, which entails considering the best possible combination of modulation, coding, and detection, is not likely to give the desired results. In fact, it only provides a capacity lower bound-the socalled nonlinear Shannon limit-which is actually achievable by conventional systems, but possibly very loose 7, 8 . No matter how accurate AWGN-like models might seem, if we aim for tighter capacity lower bounds or better modulation and detection strategies, we have to drop the AWGN assumption and look for any non-AWGN channel characteristics that can be exploited to improve system performance. Such an attempt is made in this work.
By resorting to the frequency-resolved logarithmic perturbation (FRLP) model 4, 5 , which describes interchannel nonlinearity in optical fibers through a doubly dispersive fading channel model, we devise a simple nonlinearity mitigation strategy based on the synergic effect of phase noise (PN) compensation and symbol rate optimization in subcarrier multiplexing (SCM) . Contrary to what is predicted by AWGN-like models, this synergy persists also for higher-order modulation formats and Gaussian symbols [9] [10] [11] , which allows us to derive tighter capacity lower bounds compared to
Time-varying transfer function
Interf. WDM channels AWGN noise 
− jθ ( f , t ) models the effect of crossphase modulation (XPM) through the XPM term θ( f ,t), which depends on the other WDM channel(s) w(t) at the input of the link; and n(t) is the AWGN due to optical amplifiers. Some general expressions for θ( f ,t) and its statistics are provided in 4, 5 . For simplicity, the model assumes propagation in a single polarization, such that all involved quantities are scalar. Other non-explicitly modeled propagation effects are assumed to have been either compensated for (e.g., chromatic dispersion and deterministic intrachannel nonlinear effects) or included in the AWGN term by increasing its power spectral density (e.g., four-wave mixing). From the COI viewpoint, the nonlinear time-invariant optical fiber channel is seen as a linear time-varying one. This seeming paradox is explained by the fact that channel nonlinearity is accounted for by the quadratic dependence of θ( f ,t) on w(t) 5 . However, assuming that w(t) is unknown to both the transmitter and the receiver, such nonlinearity remains hidden, and the effect of the XPM term is simply perceived as linear intersymbol interference (ISI) with unknown (random) coefficients. On the other hand, since w(t) depends on time, the ISI coefficients are time-varying. The model in fading channel, often used in wireless communications, whose key features are the coherence time and bandwidth over which the channel remains strongly correlated 12 . This analogy may help to better understand the channel characteristics and behavior, as well as to devise improved transmission and detection strategies.
The coherence properties of the channel are shown in Fig. 2 , considering a Nyquist-WDM system with 50 GHz channel spacing and bandwidth, Gaussian symbols (as we are interested in highorder modulations and capacity bounds) and a 1000 km link of standard single-mode fiber with either ideal distributed amplification (IDA) (a) or 10x100 km lumped amplification (LA) (b). The contour plots show the correlation between the values θ(0,t) and θ(Δ f ,t + τ) of the XPM term at two different times and frequencies inside the COI bandwidth, as a function of the delay τ and frequency separation Δ f . Only the XPM term generated by the couple of closest interfering channels (i.e., those located at f = ±50 GHz) is considered.
The coherence is quite substantial in the IDA link, but significantly reduced in the LA link.
The long coherence time of the XPM term in IDA links was analytically predicted in 4 , suggesting that it could be exploited for a partial mitigation of interchannel nonlinearity and a subsequent increase of the achievable information rate (AIR). For instance, an improved capacity lower bound was obtained in 13 by PN compensation, while a larger AIR gain was obtained in 14 by linear equalization (addressing the ISI generated by frequency selectivity) combined with recursive-least-squares adaptation (accounting for time selectivity).
In wireless communications, frequency selectivity is typically addressed by employing multicarrier modulation. By using many low-rate orthogonal carriers, ISI is avoided and the channel response is accounted for by a single-tap equalizer. On the other hand, time selectivity breaks the orthogonality between subcarriers, causing interchannel interference (ICI). In this case, a good trade off between ISI and ICI can be found by optimizing the number of carriers. In Nyquist-WDM, each WDM channel can be further decomposed into many subcarriers, all electronically generated by the same transmitter and jointly processed by the same receiver. A simple approximated discretetime model for the COI of a WDM system employing SCM is shown in Fig. 3 . It is derived from the continuous-time model in Fig. 1 by assuming that the XPM term is approximately constant over each subcarrier bandwidth (thus neglecting ISI) and symbol-time (thus neglecting ICI), thus manifesting itself as pure PN. On the generic subcarrier i, the output sample y i, k at discrete time k is a replica of the input symbol x i, k , corrupted by PN θ i, k and AWGN n i, k . PN processes represent the discretized version of the XPM term θ( f ,t). Based on the statistics of θ( f ,t) 5 , they are assumed to be Gaussian, independent (correlation between subcarriers is present, as shown in Fig. 2 , but neglected), and follow a (wrapped) first-order autoregressive model AR(1) with subcarrier-dependent parameters. AWGN processes account for the accumulated noise from optical amplifiers, as well as for the other effects induced by fiber nonlinearity and not explicitly included in the model (e.g, fourwave mixing and the aforementioned ISI and ICI between subcarriers). Thus, they are independent and have different variances. Resorting to this model, it is possible to improve the detection strategy and optimize the number of SCM subcarriers to minimize the ISI and ICI caused by XPM 9 .
Achievable information rate
In this section, we compute the AIR under constrained modulation and mismatched decoding, based on the auxiliary-channel lower bound (to mutual information and capacity) defined in 15 . We consider the same Nyquist-WDM system considered in the previous section, with five channels. We select the central channel as the COI and, employing SCM, divide it into N subcarriers with rectangular spectrum. The same input distribution and launch power is assumed for all the WDM channels (behavioral model (c) in 7 ) . At the receiver, after single-channel ideal backpropagation, the N subcarriers of the COI are selected by a bank of filters and independently processed. The AIR (averaged over all the subcarriers) is computed for Gaussian input symbols and a detector optimized for the auxiliary channel in Fig. 3 (PN detector  hereinafter) . Being computational complexity not of primary interest in this analysis, an L-state auxiliary channel is used to account for an L-level discretized version of PN (L = 256 was enough to avoid any AIR loss). All the parameters characterizing the AWGN and PN processes in Fig. 3 are estimated by maximum likelihood estimation during a preliminary training phase. Fig. 4(a) shows the AIR as a function of the launch power for different numbers of subcarriers N. As a comparison, we also report the AIR obtained with an AWGN detector (i.e., optimized for the AWGN channel). Note that, for Gaussian in- 
Discussion and conclusions
We have discussed the importance of channel models in nonlinearity mitigation, and the need to drop the AWGN assumption to devise improved detection strategies. A step toward this direction is done by resorting to the FRLP model, which suggests considering interchannel nonlinearity as linear doubly dispersive (in time and in frequency) fading. This analogy helps to understand the characteristics of the channel in terms of its coherence time and bandwidth, and to devise improved transmission schemes borrowed from wireless communications. On this basis, we have derived a simple discrete-time model for SCM systems, which has been used to devise a proper detector, optimize the number of subcarries, and maximize the AIR with Gaussian symbols. Compared to AWGN detection, the AIR gain is maximum for IDA links, and decreases with the span length for LA links. Extension of the results to dual-polarization systems is currently under investigation. The model also suggests that further optimizations and gains are possible. For instance, accounting for phase correlation among subcarriers could provide some additional AIR gain. Moreover, signaling over short-time Fourier basis functions (generated, via time and frequency shifts, from a prototype pulse with good time and frequency localization properties), possibly combined with ISI and ICI cancellation strategies, might be less prone to ISI and ICI compared to standard SCM 12 . Finally, unlike conventional fading, the channel response derived from the FRLP model does not depend on environmental conditions that are out of the user control (e.g., multipath and shadowing effects) but rather on the actual signals transmitted by the other users (channels, according to WDM terminology). Even excluding unpractical joint modulation or detection, this peculiarity gives the possibility of controlling the channel response by adopting a proper combination of coding and modulation on each channel. In this context, an interesting but still unexplored possibility is that of using constellation shaping to increase channel coherence, rather than decrease nonlinear interference. This approach might have a better synergy with the ones discussed in this work and provide additional AIR gains.
